We present first-principles calculations elucidating the different self-assembly mode of Cu nanowires on vicinal surfaces of Mo ͑ordered ''one-dimensional'' growth͒ and W ͑rough, disordered growth͒. The severe differences in growth mode despite the decided similarity between the substrates is linked to subtle electronicstructure coupling effects between substrate and adsorbate, while kinetics and stress effects are found to be immaterial. Our findings suggest additional degrees of freedom to steer the growth mode of low-dimensional assemblies in thermodynamical equilibrium. DOI: 10.1103/PhysRevB.67.153406 PACS number͑s͒: 68.65.Ϫk, 68.55.Ϫa, 73.20.Ϫr Nanoscience, the design and manufacturing of objects of submicrometric and down to nanometric dimensions, has gained enormous importance recently. Given the obvious difficulty of manipulating and shaping material objects on such length scales, a key concept that has emerged in nanoscience is self-assembly-that is, procedures by which diverse atomic-scale objects can be made to self-organize in patterns which are reproducible in shape, structure, and, presumably, function.
Nanoscience, the design and manufacturing of objects of submicrometric and down to nanometric dimensions, has gained enormous importance recently. Given the obvious difficulty of manipulating and shaping material objects on such length scales, a key concept that has emerged in nanoscience is self-assembly-that is, procedures by which diverse atomic-scale objects can be made to self-organize in patterns which are reproducible in shape, structure, and, presumably, function.
Arguably, the natural location for self-assembly processes is at the surfaces of solid substrates, where various instances of self-assembly have been demonstrated, driven by steric interaction ͑e.g., organic molecules on metal surfaces 1 ͒ or strain effects ͑e.g., semiconductor quantum dots͒. 2 Metal-onmetal epitaxy 3 is a typical situation where steric effects are, and strain may be, essentially absent. When these two major assembly mechanisms, involving energy changes in range of tens to hundreds of meV/Å 2 , are not active, self-assembly can only be driven-if at all-by low-energy electronicstructure effects. Thereby, it becomes a remarkably subtle affair, understanding which is a challenging and intriguing problem.
In this Brief Report we deal with the self-assembly of metal ͑specifically, copper͒ nanowires on metal ͑specifically, Mo and W͒ vicinal surfaces. Based on ab initio calculation, we elucidate the subtle mechanism by which an orderly ''one-dimensional'' growth of Cu wires takes place on Mo, and vice versa a rough, disordered growth occurs on W. In a nutshell, the relevant energetic differences-of order 1 meV/Å 2 -are related to the predominance of Cu-substrate interactions on W, and of Cu-Cu interactions on Mo. This is in turn due to the different relative energy positions of the adsorbate and substrate bonding states. Our results suggest that the judicious choice of substrate and adsorbate pair with appropriate electronic properties is a key ingredient in realizing the desired growth and assembly modes on metallic surfaces.
The surface self-assembly of a metal nanowire will have to exploit the naturally dominant attraction between isolated adsorbates and higher-coordination sites. An adsorbate deposited on a high-surface-energy material will generally decorate any steps present on the surface. 4 -8 Thus, candidate substrate surfaces will have to be intentionally stepped, and vicinal surfaces are the natural choice. If the adsorbate has a lower surface energy than the substrate steps, at sufficient coverage the net expected effect is the complete decoration of steps, with attendant energy lowering.
One would, then, not expect that different behaviors might be observed for Cu deposited on vicinal Mo and W surfaces. The substrates are very similar ͑both are bcc metals with partially filled d bands, and their lattice constants are very close, our values being 3.15 Å for Mo and 3.16 Å for W͒, and they fulfill almost identically the basic criteria set out above, with their equally high surface-and stepformation energies. Cu ͑calculated lattice constant: 3.64 Å͒, with its very low surface energy, is in turn the ideal adsorbate. In addition, the ͑331͒ vicinal surface considered in experiment is made up from ͑110͒ terraces, the closest-packed surface arrangement of the bcc structure, providing ideal low corrugation for fast diffusion of the adsorbate. However, the Cu structures grown under similar conditions on Mo and W ͑331͒ are in fact completely different. [8] [9] [10] On Mo, Cu grows row-by-row, in a ''1D''-Frank-van der Merwe mode ͑FvM͒, forming regular and well-defined stripes; on W, on the other hand, the growth mode mirrors the Stranski-Krastanov ͑SK͒ definition: after sticking to a step with one first regular row, Cu forms islands adjacent to the first row, resulting in rough growth.
Qualitatively, the neutralization of the high step-energy cost of the substrate is the driving force for the first-row decoration in both cases. Additional Cu atoms, however, should attach themselves only to Cu-decorated step edges, which will not affect further the step energy. The competing forces coming into play at this point, and their microscopic origin, are unclear. Himpsel et al. 10 suggested that the phenomenon results from the competing attempts to minimize the energy stored in Cu steps ͑which favors straight step edges͒, and to reduce the strain energy due to Cu being misfit with the substrate ͑with consequent formation of small islands͒. Of course, even if this hypothesis would apply ͑but we suggest it doesn't͒, the different balance between competing mechanisms on Mo and W is an open question.
Here we present a first-principles theoretical investigation on the systems Cu/Mo͑331͒ and Cu/W͑331͒, which offers an interpretation of the observed phenomenon. The calculations are done within the density-functional theory, in the general-ized gradient approximation ͑GGA͒, 13 using the Vienna ab initio simulation package. 12 Ultrasoft pseudopotentials provided therewith 12 describe the electron-ion interaction. A plane-wave basis cutoff at 234 eV is used in all calculations. Momentum-space integration is done on Monkhorst-Packlike meshes of up to 36 irreducible k points for relaxation and total energy, and 70 points for the densities of states ͑DOS͒ and local densities of states ͑LDOS͒. Site and angular ͑L͒DOS decompositions are obtained by projecting on sitecentered symmetry-adapted orbitals. The system is considered relaxed when the modulus of the largest residual force component is below 0.01 eV/Å.
The ͑331͒ vicinal surface has ͑110͒ terraces comprised 6 atomic rows, and separated by monoatomic steps. We simulate it with a periodically repeated supercell containing a slab of Mo or W atoms arranged to reproduce the geometry of the ͑331͒ surface, with ϳ17 Å of vacuum separating it from its periodic images. We concentrated on the structures labeled ⌰ϭ1/3 and ⌰ϭS-K in Fig. 1 , although coverages ⌰ ϭ1/12, 1/6, and 1/2 were also studied. For ⌰ϭ1/6, 1/3, and 1/2 we used a 1ϫ1 cell with 22 substrate atoms, and for ⌰ϭ1/12 a 2ϫ1 cell ͑44 substrate atoms͒. Finally, a 3ϫ1 cell with 66 substrate atoms represents the SK structure. It is worth mentioning that the ''line coverage'' of the Cu row in front of the substrate step is line ϭ6⌰; e.g., ⌰ϭ1/3 corresponds to line ϭ2, i.e., two full Cu rows. ͑Our ''SK'' model of a Stranski-Krastanov structure is realistic, though ''minimal,'' as indeed a rougher, computationally intractable configuration would enhance the average under coordination of Cu atoms along the rough front, strengthening the effects reported here.͒ We calculate the difference in total energy between the ⌰ SK and the ⌰ 1/3 Cu coverages for the two substrates, confirming the experimental evidence: for Cu on W, the energetically favored configuration is SK ͑by 0.25 eV/cell͒, indicating a tendency to roughening; on Mo the ⌰ϭ1/3 Cu structure is favored ͑by 0.13 eV/cell͒, leading to complete and orderly decoration of the step with copper rows. In thermodynamic equilibrium, predictions based on total energies are reliable. In a nonequilibrium regime, the kinetics, quantified by diffusion barriers and prefactors, may become dominant in determining the shape of the assembled structure. In the sense, kinetics implies more available degrees of freedom than in equilibrium. 11 To simplify the problem we would like to rule out kinetic effects as being responsible for the observed structures. We thus estimate the activation barriers for the hopping diffusion of Cu along the decorated steps on the two substrates. A high-energy barrier would favor rough growth. We find, however, that the calculated diffusion barrier of a Cu atom along a Cu-step formed by two Cu-rows is Ӎ0.7 eV independently of the substrate. While a full kinetics analysis would require prefactors, and should also consider exchange diffusion, our finding seems to bar a kinetic origin of the different behavior of Cu on Mo vs W.
Having dispensed with kinetics, we check the role of surface stress. The calculated differences between the stress tensors of the ordered and the disordered structures are again the same for both the substrates, within numerical error. We conclude that the different adsorbate-substrate interaction cannot be explained by, and does not result in, differences in heteroepitaxial stress in the Cu overlayer. Moreover, the energetics of Cu atoms arranged in the SK and 1/3 structures without the substrate but at the lattice constants of Mo and W predicts in both cases the ⌰ϭ1/3 coverage as favored, reinforcing the conclusion that epitaxial stress-related arguments should be ruled out.
We are then left with the electronic interactions of the Cu structures with the substrate as potential explanation. We adopt the local DOS ͑LDOS͒ as guideline to pinpoint the substrate-adsorbate interactions. We first compare the LDOS for the Cu atom in the ⌰ϭ1/12 and ⌰ϭ1/6 configurations, which correspond to line coverages of 1/2 and 1, respectively, i.e., to a half row and a complete row of Cu along the step. The two LDOS are practically identical, indicating a predominant Cu-step interaction over the weak lateral attraction between in-row Cu's. Next, we inspect DOS and LDOS for free-standing Cu monolayers at different lattice constants, shown in Fig. 2 , to identify the nature of the various spectral features. As the in-plane lattice constant increases, structures in the d-band DOS closer to the Fermi-level increase in intensity and become narrower, but do not move in energy, and seem thus to originate from states with pronounced planar character. The peaks on the low-energy side of the d-DOS move up in energy as the interatomic distance increases, while hardly changing their intensity; they can therefore be attributed to states with mostly off-plane character.
Next, we examine the LDOS pertaining to the Cu atoms in the SK structure. We consider ͑see Fig. 3 , lower panel͒ the atom Cu 1 at the center of the copper triangular island with six planar nearest neighbors ͑three Cu and three step atoms͒, and the island-edge step atom Cu 2 and Cu 2 atoms is reported in Fig. 3 for both substrates. The two LDOS depend markedly on the atomic site and on the substrate. The Cu 1 LDOS possesses two clearly distinct peaks, while that of Cu 2 exhibits a single feature. The two Cu 1 peaks have clearly different intensities on Mo and W. For Cu/Mo, the peak closer to the Fermi level has a larger intensity, whereas both peaks have nearly the same intensity for Cu on W. According to the attribution discussed above ͑Fig. 2͒, this indicates a stronger in-plane Cu-Cu interaction on Mo than on W ͑relative to the adsorbate-substrate interaction͒. Conversely, one is led to conclude, the Cu-substrate interaction is enhanced on the W stepped surfaces compared to that on Mo.
These arguments are confirmed by the local structural parameters. At ⌰ϭ1/3, a first-row Cu atom is closer to its second-row Cu neighbor on a Mo substrate than on W. Moreover, the Cu atoms of the second row relax towards the underlying W terrace, a tendency almost negligible on Mo. Finally, the SK structure on W ͑and no other among those studied͒ is characterized by upward displacements of the terrace atoms with respect to the clean substrate, confirming further the enhanced adsorbate-substrate interaction. Further, we note that the stress tensor of Cu/W exhibits a slightly larger component along the direction parallel to the terrace and normal to the step. This mild anisotropy, absent in Mo-Cu systems, is consistent with a stronger interaction of the Cu atoms with the W substrate, which hinders Cu-Cu bond-length adjustments with a ensuing increase of residual stress in the direction normal to the step.
Further analysis of the LDOS in the SK structure confirms our hypothesis. In Fig. 4 , we display the LDOS of the tip atom of the SK structure (Cu 3 in Fig. 3͒ in the upper row, and that of the neighboring substrate atom A sub on the open terrace in the lower row. The left panel is for W, the right is for Mo. The LDOS of the W terrace atoms underlying the Cu atoms exhibits two visible peaks in the range Ϫ6 eV-Ϫ4 eV. Two closely corresponding structures are present in the Cu LDOS. This does not occur when the Mo ͑331͒ surface is the substrate. In that case, instead, the Cu-Mo interaction produces an intensity increase of the Cu feature at about Ϫ2 to Ϫ2.5 eV below the E F , while no peaks appear between Ϫ6 and Ϫ4 eV ͑see Fig. 4͒ . The different adsorbate-substrate coupling, and hence the growth mode, is thus determined by the relative position of the d-DOS on Mo and W. For Mo the main feature is located in correspondence of the large d structure of the Cu atom, and the resulting effect is an increase in the intensity of the peak on the highenergy side of the Cu LDOS-that is, the peak associated with states of mainly planar character, signaling enhanced Cu-Cu planar interaction ͑see Figs. 2 and 3͒. On W, the LDOS of the substrate atoms has a structure at lower energies than on Mo, because of relativistic effects producing a downshift of the s states and a broadening of the d band at low energies 14 close to the bottom of the Cu d band. Thus, the net outcome is an increase of the LDOS of Cu states pointing essentially towards the substrate. Hence, the Cu-W substrate interaction is strengthened. The different interaction strengths on W and on Mo can then be traced back to an enhanced interaction on W, due to the relativistic nature of the electronic structure of W.
We can restate our last argument on the interaction strengths more quantitatively using again the LDOS. Figure  5 shows the running integrals, from the valence-band bottom up to E-E F , of the LDOS on the Cu atom farthest from the step and of the underlying substrate atom, both in the ⌰ ϭSK ͑solid lines͒ and ⌰ϭ1/3 ͑dashed lines͒ coverages, and on both substrates. These integrals measure the energy contribution from the various portions of the occupied-states LDOS as a function of the energy. On W ͑left column͒, this contribution starts for both atoms at lower energies, and is larger at all energies, for ⌰ϭSK than for ⌰ϭ1/3, giving directly an energy gain for the former. The exact opposite holds on the Mo substrate. The difference between the integrals for Mo and W, in this energy range has the same sign and the same order of magnitude (ϳ0.1-Ϫ0.2 eV) as the total-energy differences between the SK and 1/3-coverage structures, thus matching our direct calculation.
A comment is in order on ''bond counting'' arguments applied to the present case. The orderly and S-K structures ͑Fig. 1͒ are identical in a first-neighbor bond count. However, on the present bcc ͑110͒ surface, the second-neighbor distance d 2nn is only 15% larger than the first neighbor d nn -i.e., second neighbors and related interactions are actually quasi first neighbors. Thus the ''ordered'' and ''rough'' configurations on bcc ͑110͒ are clearly distinct even from a bond-counting point of view. Presumably, a pair of similar structures might be undistinguishable on, e.g., fcc ͑111͒, where d 2nn ϭ2d nn , and first-neighbor effects dominate. It should also be noted that deconstructing metal-surface energetics into shell contributions, as well as labeling interactions as first, quasi-first, second, etc. neighbor, is rather tricky, and certainly not general.
In conclusion, we have investigated the mechanisms underlying the growth properties of Cu nanowires on the ͑331͒ surface of Mo and W with ab initio techniques. The experimentally reported differences in the growth structures on the two substrates can be traced back to the predominance of Cu-substrate interactions on the W substrate and of Cu-Cu interactions on Mo. This interpretation pinpoints one more degree of freedom to the tuning of the structures grown in the thermodynamical equilibrium regime, in the absence of stronger ͑e.g., steric͒ interactions. It is plausible, e.g., that the electronic properties of the substrate may be modified via the controlled adsorption of appropriate chemical species 15 before the assembly of the metallic wire starts.
